A B S T R A C T A method for the isolation of intact phagocytic vesicles from guinea pig peritoneal-exudate granulocytes and human peripheral-blood leukocytes is presented. After leukocytes ingested the particles of a stable emulsion of paraffin oil, the uningested emulsion was washed away and the cells were homogenized. The homogenate was placed in the middle of a three-step discontinuous sucrose gradient and centrifuged for 1 hr at 100,000 g. The phagocytic vesicles, containing the low density paraffin-oil particles, were simultaneously washed and collected by floatation, while the other organelles, chiefly granules, sedimented through the lower wash layer, and the particle-free supernatant remained in the middle of the gradient.
INTRODUCTION
When a polymorphonuclear leukocyte (PMN)1 engulfs a particle, the ingested material is encased within a vesicle derived from the plasma membrane (1) . Microscopic and histochemical investigations have indicated that cytoplasmic granules, similar to liver lysosomes and rich in hydrolytic enzymes and bactericidal proteins (2) , appear to fuse with the phagocytic vesicle (PV) and discharge their contents therein (1, (3) (4) (5) (6) . For want of a technique to isolate the PV, biochemical documentation of these events has been lacking, although in their original characterization of PMN granules, Cohn and Hirsch demonstrated release of granule enzymes into a supernatant fraction of PMN homogenates after phagocytosis (7) . This finding implied that a change in granule enzyme distribution had occurred secondary to phagocytosis.
We have devised a procedure for the isolation of intact PVs in high purity and yield by means of a single centrifugation. PMNs were allowed to ingest the inert particles of emulsified paraffin oil. Paraffin oil, because of its indigestibility, is a suitable substrate for enzymatic studies of phagocytosis (8) . The low density of these particles allowed the PV to be collected by floatation after homogenization of the cells that had ingested them. Emulsion particles stained with Oil Red 0 were used to assay the rate of phagocytosis and to locate the particles in subcellular fractions. In this paper we describe the method of isolation and the morphologic, chemical, and enzymatic composition of the PVs. With this technique we have been able to confirm biochemically that enzymes are transferred from granules to PVs and to obtain some data on the kinetics of enzyme translocation.
METHODS
Isolation of PAIN. PMNs were obtained from two sources. Suspensions containing over 90% PMN were collected from guinea pig peritoneal exudates as previously described (9) . Blood drawn from normal humans into plastic syringes was allowed to se(liment for 45 min at 0'C in plastic centrifuge tubes after mixing with 0.2 volumes of a solution (pH 7.4) containing NaCl, 7 mg/ml, dextran (mol wt 500,000, Pharmacia, Uppsala, Sweden), 50 mg/ml, sodium citrate, 20 mg/ml, or sodium heparin (without preservative, Hynson, Wescott & Dunning, Inc., Baltimore, Md.), 2 mg/ml. Leukocytes were collected from the supernatant fluid by centrifugation at 100 g for 10 min. After one wash with 50 volumes of 15 mam phosphate buffer, pH 7.4, in 0.15 M NaCl, erythrocytes were lysed by addition of distilled water. Isotonicity was restored 60 sec later by adding NaCl, 36 mg/ml. The leukocytes were sedimented at 100 g (15 min ) and suspended in Krebs-Ringer phosphate medium, pH 7.4. The final cell suspension consisted of approximately 85% PMN, 15% mononuclear cells, and contained a small number of erythrocytes and platelets.
Preparation of particles for phagocytosis. Emulsions of paraffin oil were prepared by sonic dispersion of 1 ml of heavy paraffin oil (Fisher Scientific Company, Pittsburgh, Pa.) in 3 ml of Krebs-Ringer phosphate buffer, pH 7.4, containing bovine serum albumin (Fraction V from bovine serum, Lot D26304, Armour Pharmaceutical Company, Kankakee, Ill.), 20 mg/ml, for 90 sec at a setting of 2.8 amp (Branson Instruments, Co., Stamford, Conn.). The resulting stable emulsion contained droplets of paraffin oil (POE) approximately 0.5-5,u in diameter (average about 3 /). For studies in which rate of particle uptake was measured, Oil Red 0 (Allied Chemical Corporation, Morristown, N. J.) was dissolved in the paraffin oil by heating at 100' for 1 hr. After standing for several days at room temperature, the oil was centrifuged before use to remove undissolved dye.
Incubations. PMN suspended in Krebs-Ringer phosphate medium, pH 7.4, were incubated at 37'C with gentle shaking in siliconized glass Erlenmyer flasks. At zero time, 0.1 volume of freshly prepared POE, approximately 109 particles per milliliters final concentration, was added. The same volume of the albumin solution used to prepare the POE was added to paired control incubations. The final albumin concentration was 2 mg/ml. Incubations were terminated by the addition of 1 volume of ice-cold Krebs-Ringer phosphate buffer, pH 7.4. After centrifugation at 250 g for 10 min at 4CC, samples of the supernatant fluid (designated "medium")
were saved. The cell pellets were washed three times with 20 volumes of ice-cold Krebs-Ringer phosphate buffer, pH 7.4, with centrifugations at 250 g for 10 min.
Rate of phagocytosis. To assay the rate of phagocytosis, samples of 0.5 ml were removed from the incubation mixtures at desired times and added to 6 ml of ice-cold 0.15 M NaCl containing 1 mm N-ethyl-maleimide in siliconized 15 ml glass centrifuge tubes. After centrifugation for 15 min at 150 g, the supernatant fluid was discarded, the cells were washed four times with similar medium, and the tubes drained by inversion. Oil Red 0 was extracted from the PMN as described below.
Oxidation of radioactive glucose by PMN. The procedures for incubation of PMN and collection and detection of "CO2 were exactly as previously described (9) . The substrates, 14C-1-glucose (47.8 mCi/mmole), "C-6-glucose (44.9 mCi/mmole), and "C-U-glucose (216 mCi/mmole), were purchased from New England Nuclear, Boston, Mass. Lipids were extracted from the homogenates and subcellular fractions, partitioned, and washed by the procedure of Folch, Lees, and Sloan-Stanley (13) . Lipid phosphorus was determined by the method of Bartlett (14) . For the measurement of cholesterol, 105 dpm 3H-cholesterol, about 1 pg (New England Nuclear) was added to lipid extracts in chloroform-methanol, 2: 1. The extracts were evaporated to dryness under a stream of nitrogen and dissolved in 2 ml of ethanol. NaOH, 0.1 ml, 250 mg/ml, was added, and saponification was allowed to proceed at 100'C for 60 min. The nonsaponifiable lipids were extracted into hexane which was then evaporated to dryness under nitrogen. The samples were taken up in benzene and applied to 250 , silica G plates (Analtech, Inc., Wilmington, Del.), prestained with 0.1%o rhodamine-6-G in formic acid-acetic acid, 1: 2 (v/v). The chromatogram was developed with benzene-ethyl acetate, 5: 1, and areas corresponding to the known cholesterol (Applied Science Laboratories Inc., State College, Pa.) were eluted with benzene. Samples, after evaporation of benzene, were assayed for radioactivity in toluene containing 2,5-diphenyl-oxazole (PPO), 4 mg/ml, p-bis 2-(5-phenyloxazolyl) benzene (POPOP), 0.05 mg/ml, with a Packard Tri-Carb scintillation spectrometer with 30% efficiency. Cholesterol concentrations were determined by gas-liquid chromatography (Barber-Coleman Chromatography Div., Rockford, Ill.) with a 3% SE-30 column on Gas Chrom Q support (Applied Science Laboratories Inc.) at 250'C. The amounts measured were corrected for recovered radioactivity (72-98%). The paraffin oil did not interfere with the measurements of nucleic acids, phospholipid, or cholesterol.
Oil Red 0 was extracted from washed cell pellets or subcellular fractions for at least 1 hr at room temperature into p-dioxane (Matheson, Coleman & Bell, Norwood, Ohio). The extracts were centrifuged at 1000 g for 15 min and the optical density determined with a Coleman colorimeter (Coleman Instruments). The molar extinction coefficient, determined for Oil Red 0 in p-dioxane at 524 mnu (absorption peak) with a 1 cm light path, was 2.29 X 10' and was used in calculations. The absorbency was not altered by paraffin oil or by water and was directly proportional to dye concentration. Although particle uptake was expressed in terms of micromoles of Oil Red 0 ingested in these experiments, such data can also be conveniently presented as the amount of paraffin oil taken up if the optical density of the oil containing the dye is determined.
Enzyme assays. For the measurement of activities of P- Phagocytic Vesicles from Polymorphonuclear Leukocytes RESULTS Uptake of POE by granulocytes. Guinea pig and human PMN readily ingested POE, as shown morphologically by electron microscopy and chemically by the Oil Red 0 assay. Particle uptake quantified with the Oil Red 0 assay was proportional to cell concentration and could be saturated with respect to POE concentration. N-ethyl-maleimide, 1 mm, the concentration used to prevent further phagocytosis during the washing of cells before extraction, totally inhibited particle uptake. As shown in Table I , phagocytosis of POE stimulated oxidation of glucose through the hexose-monophosphate pathway to the same degree as has been reported to be associated with uptake of other types of particles (18) .
Morphology of granulocytes ingesting POE. Electron micrographs of guinea pig PMN which had ingested POE showed that the cells contained numerous membrane-bounded vesicles (Fig. 2) . These vesicles contained one or more spherical particles with amorphous electron-dense peripheries and clear centers, which were thought to represent the albumin-coated lipid droplets from which the lipid was extracted during preparation for electron microscopy. The vesicle membrane surrounding these particles was clearly trilaminar and identical in appearance and dimensions to the plasma membrane (Fig. 3 ). Many vesicles, particularly those containing multiple droplets, also contained granules or material similar to the granule matrix in consistency and density (Fig. 2B) .
Morphology of isolated PV. PV fractions prepared for electron microscopy consisted primarily of membrane-bounded vesicles and some associated granules (Fig. 4) . These isolated vesicles were identical to the vesicles seen in intact cells after POE ingestion. The inner spherical particles with their dense peripheries and lucent centers were surrounded by a trilaminar memappeared to be granule matrix, were frequently incorpobrane which was frequently intact, as shown in Fig. 5A , but often was broken by small gaps. Granules, or what rated within the vesicle membranes (Fig. 5B) . Some granules were outside the vesicle membrane, but many of these external granules appeared tightly adherent to the outside of the PV (Fig. 5C ).
There was essentially no contamination of these isolated PV fractions by mitochondria, glycogen particles, nuclei, or other cytoplasmic matter.
Distribution of chemical components among subcellular fractions. Homogenates prepared from phagocytosing cells invariably contained less protein than homogenates derived from paired incubations of resting cells (P < 0.01). This difference presumably represents, at least in part, loss of cellular protein into the incubation medium during phagocytosis (19, 20) , although the albumin in the medium precluded accurate measurements to prove this point. Essentially all of the cell-associated Oil Red 0 was found in the PV fraction (Table III) . This fraction was virtually free of contamination by nucleic acids. Much of the nucleic acid was found in the supernatant fraction, probably due to the efficiency of homogenization afforded by heparin which appeared to have facilitated the destruction of nuclei as well as of the cells. When heparin was omitted from the homogenizing medium in two experiments, 88 and 89% of the DNA was in the pellet. The use of heparin also increased the fraction of cell protein that was recovered in the fluid fraction but did not alter the distribution of enzymnes described below. No glycogen was found in the PV fraction.
Less than 0.1% of inulin-'4C was taken into the PMN during phagocytosis of POE, and this was principally found in the supernatant fraction. Thus, the incubation medium was effectively excluded from the PMIN during phagocytosis of POE. When the POE was prepared with albumin-"I, however, it was found that 4.9% of the radioactivity in the incubation medium was taken up by the cells during 45 min of phagocytosis. During the same period, the PMN ingested 17.5% of the Oil Red 0, i.e., 17.5% of the POE. These results suggest that 28% of the albumin in the medium was bound to the POE. Of the radioactive albumin incorporated into the cells, 91% was associated with the PV, 8% with the supernatant, and 1 % with the pellet. From these values and the amounts of protein measured in the PV and originally present in the incubation medium, it could be FIGURE 2 Electron micrographs of thin sections of guinea pig PMN which have ingested droplets of paraffin oil emulsion for 30 min. The mineral oil has been extracted during the preparation for electron microscopy so the droplets appear as clear holes in the cell. The droplets are contained in membrane bounded phagocytic vesicles (PV). Some PV contain more than one droplet and/or some dense material thought to be granule contents (arrows). Also shown are the nucleus (N), mitochondria (M), glycogen (GLY). Magnification: (A) X 13,000; (B) X 47,000. albumin content of the PV changed the protein-phospholipid weight ratio of the PV to 2.12. The molar cholesterol-phospholipid ratio of two preparations of guinea pig PV was reproducibly 0.69, which was slightly higher than the ratio of the whole PMN homogenates (0.50) or of the pellets (0.54). Intracellular distribution of PMN enzymes. The specific activities of the enzymes assayed in PMN homogenates were not changed by phagocytosis of POE (Table  II) . Variable decreases, however, were observed for the total activities of the enzymes due to phagocytosis (up to 16%), which could be accounted for by the appearance of the enzymes in the extracellular incubation medium (data not shown). These findings are in agreement with those of previous investigations of phagocytosis of other particle types by human granulocytes and by macrophages (19, 20) .
The PV contained the granule-associated enzymes, acid phosphatase, alkaline phosphatase, 8-glucuronidase, and peroxidase (Table IV) . Acid phosphatase activity The data are presented as in Table III .
The fractions were prepared from granulocytes incubated for 30 mim witb or without paraffin oil emulsion.
in all fractions toward p-nitroplhenylphosphate was es-haps this difference was due to contamination of human sentially identical to activity toward P-glycerophosphate. leukocytes preparations by other cell types, such as plateCyanide-resistant NADH-oxidase activity was also de-lets, which by being less avidly phagocytic would contected in the PV. The appearance of these enzymes in tribute enzyme activities to the pellet alone. the PV fractions was accompanied by a concomitant deLatency of PV enzymes. When the acid phosphatase crease in pellet activities of the enzymes compared with assay was performed in buffered 0.25 M sucrose instead the pellets obtained from resting cells. Small variable of in the standard hypotonic medium, the measured acincreases in the supernatant activities of f3-glucuroni-tivity of the PV was doubled by the addition of 0.1% dase, peroxidase, and alkaline phosphatase were noted Triton X-100. The latent enzyme content was released in supernatant fractions from phagocytosing cells (when by low concentrations (less than 0.01%) of Triton Xcompared with the fluid fraction from paired control 100. incubations). No increase in supernatant fraction acid Time course studies. As shown in Fig. 6 , uptake of phosphatase activity was observed, however. The sub-POE and accumulation in the PV of protein, alkaline cellular distribution of catalase activity was not altered phosphatase, and acid phosphatase proceeded in parallel by phagocytosis of POE, and the absence of this soluble throughout the incubation period (up to 2 hr in other enzyme from the PV and near absence from the pellet experiments). The (Table V) . Per-the other hand occurred early, and in the experiment Fig. 6 had essentially ceased after 15 min despite continued uptake of POE. When phagocytosis was abruptly terminated and POE removed by washing the PMN with ice-cold buffer, a small amount of additional protein, phospholipid, and enzymes entered the PV fraction during subsequent incubation of the cells without POE (Fig. 7) . These findings are presumably a manifestation of at least a brief time lag between formation of new vesicles and transfer of granule components into them. The experiment summarized in Fig. 7B illustrates that cells washed in this manner were viable and capable of further phagocytosis.
DISCUSSION
The method described in this paper for the isolation of PV is simple and rapid, and permits measurement of the rate of phagocytosis. Wetzel and Korn have described a procedure for obtaining PV from Acanthamoeba castellanii after phagocytosis of polystyrene spheres, by centrifuging homogenates through a four-step discontinuous sucrose gradient (21) . That method has the advantages of the technique reported here, but homogenization of cells containing rigid latex spheres may damage the PV, as discussed below.
The demonstration of transfer of granule enzymes into the PV confirms the hypothesis based on electron microscopic and cytochemical studies that granule en- (7, 20, 22 The observed differences between rates of transfer to the PV of acid and alkaline phosphatases and those of the other enzymes presumably arise from the fact that these enzymes originate in different types of granules. The granules are distinguishable morphologically and separable on the basis of differing density. Analysis of granules from guinea pig PMN has shown the P-glucuronidase and peroxidase are contained in the most dense granules, while alkaline phosphatase and acid phosphatase are found respectively in granules of intermediate and low density (15) .2 The differences between the percentage of peroxidase and of 3-glucuronidase appearing in the PV could result if the population of dense granules that interacts with the PV contains these enzymes in relative proportions that are different from those in the bulk of the granules of this type.
The distribution of cyanide-resistant NADH oxidase differs from that of the granule-associated enzymes discussed above (25) . In homogenates of both resting and phagocytosing cells, about half of the total activity (which was the same in both types of homogenates) was in the supernatant fluid fraction. NADH-oxidase activity was present in the PV isolated from both guinea pig and human PMN, and in these homogenates the percentage of total activity recovered in the pellet was decreased relative to that in homogenates from the resting cells. Since no catalase (a soluble enzyme) or succinic dehydrogenase (a mitochondrial enzyme) was found in the PV, and the NADH-oxidase activity exhibited latency, it seems unlikely that its presence in the PV fraction resulted from artifactual adsorption or association with PV in the course of fractionation of homogenates. It has been suggested that cyanide-resistant NADH oxidase may play a part in the reactions through which hydrogen peroxide is generated during phagocytosis (25) . Perhaps it is the portion of the enzyme that is transferred to the PV that is specifically involved.
All of our findings are consistent with the view that particle uptake and granule interaction with the PV are 2 A similar distribution of enzyme activities was noted among fractions of granules separated from rabbit PMN (23, 24) . An acid phosphatase which was associated with slowly sedimenting particles from the rabbit cells, however, hydrolyzed p-nitrophenyl phosphate much more readily than it did 8-glycerophosphate, whereas the enzyme from guinea pig cells exhibited little preference (15) . In our experiments, acid phosphatase activity in whole homogenates or in fractions was the same with both substrates.
closely integrated events. Once the formation of PV has been completed, little further degranulation occurs, i.e., the mere presence of PV in the cytoplasm is not sufficient to induce granule fusion and enzyme transfer. We infer that the process of fusion with granules is an integral part of or dependent on the molecular events associated with vesicle formation. Alternatively, a regulatory mechanism may limit the enzyme content of the PV.
